The contribution of transport policies to the mitigation potential and cost of 2 °C and 1.5 °C goals by Zhang, R. et al.
Environmental Research Letters
LETTER • OPEN ACCESS
The contribution of transport policies to the
mitigation potential and cost of 2 °C and 1.5 °C
goals
To cite this article: Runsen Zhang et al 2018 Environ. Res. Lett. 13 054008
 
View the article online for updates and enhancements.
Related content
Enhancing global climate policy ambition
towards a 1.5 °C stabilization: a short-term
multi-model assessment
Zoi Vrontisi, Gunnar Luderer, Bert Saveyn
et al.
-
Global economic consequences of
deploying bioenergy with carbon capture
and storage (BECCS)
Matteo Muratori, Katherine Calvin,
Marshall Wise et al.
-
Will international emissions trading help
achieve the objectives of the Paris
Agreement?
Shinichiro Fujimori, Izumi Kubota,
Hancheng Dai et al.
-
This content was downloaded from IP address 147.125.57.24 on 18/06/2018 at 09:08
Environ. Res. Lett. 13 (2018) 054008 https://doi.org/10.1088/1748-9326/aabb0d
LETTER
The contribution of transport policies to the mitigation
potential and cost of 2 ◦C and 1.5 ◦C goals
Runsen Zhang1,2,5 , Shinichiro Fujimori1,3,4 and Tatsuya Hanaoka1
1 Center for Social and Environmental Systems Research, National Institute for Environmental Studies, 16-2 Onogawa, Tsukuba 3058506,
Japan
2 Graduate School for International Development and Cooperation, Hiroshima University, 1–5-1 Kagamiyama, Higashi-Hiroshima
7398529, Japan
3 Department of Urban and Environmental Engineering, Kyoto University, 361 Kyoto University Katsura Campus, Nishikyo-ku, Kyoto
6158540, Japan
4 International Institute for Applied Systems Analysis, Schlossplatz-1, 2361 Laxenburg, Austria
5 Author to whom any correspondence should be addressed.
OPEN ACCESS
RECEIVED
29 October 2017
REVISED
12 March 2018
ACCEPTED FOR PUBLICATION
3 April 2018
PUBLISHED
26 April 2018
Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 3.0 licence.
Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOI.
E-mail: zhang.runsen@nies.go.jp
Keywords: AIM/CGE, AIM/Transport, mitigation cost, transport policies, 1.5 ◦C target
Supplementary material for this article is available online
Abstract
The transport sector contributes around a quarter of global CO2 emissions; thus, low-carbon
transport policies are required to achieve the 2 ◦C and 1.5 ◦C targets. In this paper, representative
transport policy scenarios are structured with the aim of achieving a better understanding of the
interaction between the transport sector and the macroeconomy. To accomplish this, the Asia–Pacific
Integrated Model/Transport (AIM/Transport) model, coupled with a computable general
equilibrium model (AIM/CGE), is used to simulate the potential for different transport policy
interventions to reduce emissions and cost over the period 2005–2100. The results show that deep
decarbonization in the transport sector can be achieved by implementing transport policies such as
energy efficiency improvements, vehicle technology innovations particularly the deployment of
electric vehicles, public transport developments, and increasing the car occupancy rate. Technological
transformations such as vehicle technological innovations and energy efficiency improvements
provide the most significant reduction potential. The key finding is that low-carbon transport policies
can reduce the carbon price, gross domestic product loss rate, and welfare loss rate generated by
climate mitigation policies to limit global warming to 2 ◦C and 1.5 ◦C. Interestingly, the contribution
of transport policies is more effective for stringent climate change targets in the 1.5 ◦C scenario, which
implies that the stronger the mitigation intensity, the more transport specific policy is required. The
transport sector requires attention to achieve the goal of stringent climate change mitigation.
1. Introduction
All countries in the United Nations Framework Con-
vention onClimateChange (UNFCCC) have proposed
to constrain global warming to less than 2 ◦C rela-
tive to pre-industrial levels, as part of the Cancun
Agreement [1]. However, the impacts of climate
change and the capacity to cope with these impacts
vary significantly between regions. The impacts pro-
jected for 2 ◦C warming may exceed the adaptation
capacity of some vulnerable countries, such as small
island nations and the least-developed countries [2].
Therefore, many countries committed to pursuing
limiting warming to below 1.5 ◦C, as detailed in the
2015 Paris Agreement [3, 4]. Limiting warming to
below 1.5 ◦C is ambitious and undoubtedly a very
challenging task. Achieving 1.5 ◦C warming requires
morerapidandprofounddecarbonizationof theenergy
supply and, by implication, putting a relatively high
price on carbon emissions [4]. The mitigation cost
of achieving 2030 emissions with 1.5 ◦C pathways has
been projected to be at least 5–6 times higher than
the cost of achieving the conditional nationally deter-
mined contributions (NDCs) [5].
© 2018 The Author(s). Published by IOP Publishing Ltd
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The transport sector represents a quarter of global
CO2 emissions and is recognized to be one of the
main causes of global warming [6–9]. The reduction
of global transport-related CO2 emissions to limit the
magnitude or rate of long-term climate change will
be challenging, because the continuing growth in pas-
senger and freight activity will outweigh all mitigation
measures unless transport emissions can be strongly
decoupled fromgross domestic product (GDP) growth
[10–14].Toreduceemissions fromthe transport sector,
policy makers are primarily pushing for more effi-
cient vehicles, alternative sources of energy such as
electricity and biofuel, electric vehicles, speed regula-
tion, reducing vehicle miles travelled (VMT), traffic
signal coordination, public transit system improve-
ment, and other trafficmanagementmeasures [15–20].
Clean energy transition, electrical energy storage, and
particularly the improvement of vehicle battery tech-
nologypermits anoptimisticoutlook forbattery electric
vehicles contributing to low-carbon transport [21–23].
Existing studies have explored transport policies that
can contribute to the achievement of decarboniza-
tion in the transport sector [15, 18, 24–27], however,
there is limited information on whether and how
transport policies would be likely to affect the over-
all costs of mitigation and the relative importance of
these policies in striving to achieve the stringent global
temperature limits of below 2 ◦C and 1.5 ◦C.
Choices regarding theparticular transportmode for
each individual’s trips generally involve consideration
of attributes such as travel cost, travel time, personal
preference, and individual socioeconomic character-
istics; assembled across populations, the choices can
determine travel behaviors and emissions for commu-
nities and nations. To better understand the collective
effects, transport models such as the behavioral model,
the mode choice model, and the Four Step Model
(FSM)arewidely applied to transport policy assessment
[28–33] to provide elaborate technological descrip-
tions and evaluations of the technological feasibility
of transport policies. Although individual transport
models offer powerful tools for transport planning
and policy analysis at the city and regional scales
in the short run, they only focus on the transport
sector itself, as opposed to the interactions between
the transport sector and the macroeconomic system
or the response of other sectors to transport policy
interventions. Given that an evaluation of the global
impacts of transport behaviors and policy on the eco-
nomic cost of mitigation policies in long term is
challenging, the integration of transport models and
integratedassessmentmodels (IAM)offers amethodol-
ogy for providing useful insights for transport planners
and climate policy makers.
The transport sector has been included in inte-
grated assessment models such as Targets IMage
Energy Regional (TIMER), Global Change Assessment
Model (GCAM), The Integrated MARKAL-EFOM
System (TIMES), Model for Energy Supply Strategy
Alternatives and their General Environmental
Impact (MESSAGE), General Equilibrium Model
for Economy—Energy—Environment (GEM-E3),
IMACLIM-R, and The Asia–Pacific Integrated
Model/Computable General Equilibrium (AIM/CGE)
[34–45]. Taking AIM/CGE as an example, the trans-
port sector is represented at a highly aggregated level,
without technology details or behavior factors such
as mode preference, travel cost, and travel time. The
transport demand is simply included as a part of indus-
trial activity, based on the elasticity of substitution
and relative prices, and household private-car-oriented
energy use is formulated under the Linear Expenditure
System (LES). Because the modal split and techno-
logical selection are not endogenously determined in
the transport representation, AIM/CGE fails to cap-
ture the dynamics of the technological structure and
mode preference. As a result, the AIM/CGE is not use-
ful for investigating the mitigation potential and cost
of transport technological and behavioral options.
To achieve a better understanding of the role of
transport policies in achieving climate change targets,
especially in the context of the Paris Agreement, the
main purpose of this research is to investigate the
interaction between transport policies, global dynam-
ics of transport demand volume, mitigation potential,
and the cost of meeting the goal of limiting warm-
ing to below 2 ◦C and 1.5 ◦C. To capture the interplay
between the transport sector and themacroeconomy, a
global transport model, AIM/Transport, coupled with
AIM/CGE has been used to overcome the shortcom-
ings of individual CGE and transport models. By doing
this, both the traveler’s mode choice and technol-
ogy details, and an interactive analysis on mitigation
potential and cost of transport policies, can be incor-
porated intoaprojectionof global passenger and freight
transport activities, during the period 2005–2100.
Thepaper is organizedas follows. Section2presents
the AIM/Transport model structure, and describes
the coupling with AIM/CGE, the data sources, and
calibration, followed by the scenario settings includ-
ing different aspects of transport policy. Section 3
provides simulation results of impacts on mitiga-
tion potential and costs of different transport polices
using the coupled CGE-Transport model, and sec-
tion 4 provides a discussion of the interpretation and
implications of the results.
2. Method
2.1. Model structure
A transport model, AIM/Transport, is developed to
project the global passenger and freight transport
demand for different modes and technologies and
transport-related emissions, incorporating transport
mode choice and technological details. The over-
all model AIM/Transport model structure is shown
in figure 1. AIM/Transport is a one-year interval
2
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Figure 1. Model structure. ENECGE and ENETRS stand for energy consumptions computed in AIM/CGE and AIM/Transport,
respectively.
recursive-type model that includes global passenger
and freight transport activities for 17 regions around
the world (see supporting information). The essence
of AIM/Transport is a transport choice model that
consists of various tiers. Passenger and freight transport
flows are divided between short and long distances. At
the next tier, transport modes compete for short- and
long-distance travel. Here, car, bus, and two wheel-
ers are used for short-distance passenger transport,
whereas passenger transport modes for long-distance
travel include passenger rail, domestic, and interna-
tional passenger air. For freight transport, small truck,
large truck, freight rail, domestic shipping, interna-
tional shipping, domestic freight air, and pipeline
are available for long-distance freight transport, while
short-distance freight transport only includes small and
large trucks. For the next tiers, different sizes of vehi-
cles (i.e. small, medium, and large) and technologies
are considered (see supporting information). Energy
consumption and emissions in the transport sector
are estimated according to technology-based transport
demand.
The total transport demand is determined by
the GDP, industrial value added, population, and
generalized transport cost for passenger and freight,
respectively. For freight transport, pipeline is handled
as a dependent sector and does not compete with
other freight modes, because it is not determined by
industrial value added but by the quantity of oil and
gas consumption. The shares of different distances,
modes, sizes, and technologies are computed using
multinomial logit models based on the generalized
transport cost that includes device cost, fuel cost, car-
bon tax, and time cost. The transport technological
selection is represented based on purchasing behavior,
where a newly installed transport device is determined,
3
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Table 1. Data sources for AIM/Transport.
Data Description Source Reference
GDP Region specific AIM/CGE [48]
Population Region specific AIM/CGE [48]
Industrial value added Region specific AIM/CGE [46]
Transport volume Mode specific AIM/Enduse [49, 50]
Vehicle device cost Mode and technology specific AIM/Enduse [49, 50]
Energy intensity Mode and technology specific AIM/Enduse [49, 50]
Load factor Region and mode specific GCAM [51]
Door-to-door speed Mode specific GCAM [51]
and existing capital is inherited from the previous
year. Particularly, technological improvements have
been incorporated into the process of technolog-
ical selection. Consumer preferences for advanced
technologies, such as electric vehicles, are projected
to increase gradually, accompanied by the deployment
and promotion of technological innovation. However,
the technological improvements will take considerable
time for the overall global fleet to change, even if new
technologies are assumed to take over a marketplace
in the future, e.g. vehicle manufactures going elec-
tric. The detailed formulations are listed in supporting
information.
AIM/Transport is coupled with a global com-
putable general equilibrium model AIM/CGE to
capture the interactive mechanism between the trans-
port sector and the macroeconomy. AIM/CGE is
also a one-year interval recursive-type, dynamic, gen-
eral equilibrium model that covers all regions of
the world and consists of 42 industrial classifications
[35, 46]. AIM/CGE passes the macroeconomic vari-
ables (e.g. GDP, industrial value added, population,
fuel price, and carbon price) to AIM/Transport for
transport demand projection and estimation formodal
split and technology shares. An iterative method was
used to integrate AIM/CGE and AIM/Transport. The
transport volume, transport-related energy consump-
tion, and capital cost for transport device feedback
from AIM/Transport are passed to AIM/CGE for
parameter re-estimations of the transport sector in
AIM/CGE. This loop continues until the energy con-
sumptions computed in AIM/CGE (ENECGE) and
AIM/Transport (ENETRS) are equal. The iterative pro-
cedure helps refine the transport representation in
AIM/CGE, based on detailed AIM/Transport infor-
mation [47]. Finally, global GHGs (CO2, CH4, N2O,
and F gases) and other air pollutant emissions (e.g.
SO2, BC, and NOx) are fed into the simplified
climate model MAGICC, which generates climate out-
comes such as radiative forcing and global mean
temperature changes.
Parameter estimation and calibration of
AIM/Transport were conducted using multiple
data sources. Socioeconomic data such as GDP,
industrial value added, and population were acquired
from the shared socioeconomic pathways database and
output of AIM/CGE [46, 48]. The transport demand
volume, energy efficiency of transport technologies,
and transport device cost were obtained from a global
bottom-up technological model, AIM/Enduse [49,
50]. The load factor and door-to-door speed for travel
time estimations were taken from GCAM [51]. The
data sources used for this model are listed in table 1.
2.2. Socioeconomic and climate policy scenario set-
tings
For the socioeconomic settings such as GDP and
population, shared socioeconomic pathways 2 (SSP2)
estimates were employed as default values for GDP and
population in AIM/Transport, which are characterized
as ‘middle of the road’ among a range of socioeco-
nomic pathways [48, 52]. For AIM/CGE, a range of
other parameter assumptions were applied also based
on SSP2 [53]. The second scenario dimension is the
climate policy dimension, denoted by ‘BaU’, ‘2D’ and
‘1.5D’. In the ‘BaU’ scenario, no climate mitigation
efforts are assumed, while a carbon price is imposed in
the ‘2D’ and ‘1.5D’ scenarios.
Under the 1.5 ◦C scenario, by the end of this cen-
tury the global mean temperature increase will be well
below 1.5 ◦C (peaking at around 1.6 ◦C in 2045 and
settling to 1.4 ◦C in 2100). The radiative forcing level
associated with the 1.5 ◦C goal is around 2.0Wm−2
in 2100. Similarly, the 2 ◦C scenario is consistent with
the 2 ◦C goal, with a global mean temperature peak-
ing at 1.9 ◦C in 2090 and settling to 1.8 ◦C in 2100.
The radiative forcing level of the 2 ◦C goal is around
2.9Wm−2 in 2100. The forcing target is chosen based
on the SSP (Shared Socioeconomic Pathway) exercises
[53, 54]. Our model allows overshoot, particularly for
1.5 ◦C, such that the temperature increase will peak at
1.6 ◦C in 2045 and then drop to 1.4 ◦C in 2100. The
carbon price, total CO2 emissions, radiative forcing,
and global mean temperature increases for 2 ◦C and
1.5 ◦C targets are provided in the supporting informa-
tion. This study here mainly attempts to touch upon
very hopeful pathways of emissions, but they might be
hard to realize. These scenarios are carried out mainly
to explore the role of the various proposed measures in
the overall effort that is undertaken.
2.3. Transport policy scenario framework
The next scenario dimension is the transport pol-
icy for simulating how different transport factors and
policy interventions affect the mitigation potential
and cost. We selected representative transport poli-
cies from technological and behavioral aspects [55].
Here, energy efficiency improvement (Ei High) and
4
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Table 2. Transport policy scenario framework.
Scenario Description
Ei High 50% improvement in new LDV energy efficiency from baseline level will be achieved by 2050
Tech Innovation Higher preference and technological selection factor is given to advanced technology vehicles (HEV, PHEV,
FCV, EV) compared to the conventional ICE-driven cars
Mass Transit Themodal preference factors of Japan are employed as a proxy to reflect the preferences in mass transit-oriented
development. Developing countries will gradually converge to Japan’s preference factors in 2005 by 2100
Occu High The occupancy factor of a car will converge to two people per car by 2100
Low Carbon The combination of technological innovation and behavioral change achieved by including Ei High,
Tech Innovation, Mass Transit, and Occu High
Reference 30% improvement in LDV vehicle energy efficiency by 2100; advanced technology vehicles (HEV, PHEV, FCV,
EV) will be introduced at a moderate rate
LDV: light-duty vehicle; HEV: hybrid electric vehicles; PHEV: plug-in hybrid electric vehicles; FCV: fuel-cell vehicles; EV: electric vehicles;
ICE: internal combustion engine.
vehicle technological innovation (Tech Innovation)
were applied as transport technological factors; mass
transit-oriented transport development (Mass Transit)
and vehicle occupancy (Occu High) were used for
transport behavioral factors, and the low-carbon
scenario (Low Carbon) was applied to combine tech-
nological and behavioral issues (table 2). A reference
scenario was also designed to contrast the scenarios
with technological and behavioral changes in terms of
energy use and emissions. Moderate energy efficiency
improvement and technological innovation were
taken into consideration.
3. Results
3.1. Main indicators of the reference scenario
In this section, we analyze main indicators of the ref-
erence scenario without low-carbon transport policies,
such as transport demand, energy consumption, and
emissions. Analyses of the impacts of different trans-
port policies and the contribution of transport policies
to the reduction in mitigation cost are presented in
3.2 and 3.3, respectively. Figure 2(a) shows the global
passenger and freight transport demand in 6 regions
of the BaU case for the reference scenario without
any transport policies. In the BaU reference scenario,
the total passenger and freight transport demand mea-
sured in terms of the passenger km travelled (pkm)
and ton km travelled (tkm) increased from 29–95 tril-
lion pkms and 85–301 trillion tkms during 2005–2100,
at an average annual growth rate of 2.4% and 2.7%,
respectively. For passenger transport, the European
Union, the United States, and India account for a con-
siderable proportion of travel demand in the world,
while China plays the most dominant role in freight
transport. This is likely because a large increase in
industrial development is simulated for China, leading
to a growth in freight transport demand, while a decline
in population results in a reduction in passenger trans-
port. In addition, the transport demand in developed
regions, including the European Union, the United
States, and the remaining Organisation for Economic
Co-operation and Development (OECD) countries,
exhibited stable tendencies, although they account for
large proportions. In contrast, developing regions, par-
ticularly the remaining non-OECD countries, were
predicted to steadily increase over the coming decades.
Mode-wise transport demands show that car and
shippingdemands account for largeproportionsof pas-
senger and freight transport, respectively, as shown in
figure 2(b). This implies that the private travel mode
plays an increasing role in passenger transport with-
out any decarbonized transport policy initiatives. For
freight transport, navigation maintained large shares,
and this trend can be seen in other studies [7, 56, 57]
(also illustrated in supporting information). The rea-
sonmay be that shipping is highly cost-effective and the
best option for bulk goods transportation–sometimes
the only option.
The final energy consumption by fuel for passen-
ger and freight transport is displayed in figure 3. The
energy consumption required by passenger and freight
transport surged from 49 and 33 EJ in 2005 to 106 and
92 EJ in 2100 in the BaU scenario, but only increased
to 89 and 79 EJ in the 2 ◦C scenario, and increased to
78 and 74 EJ in the 1.5 ◦C scenario. Oil played a dom-
inant role even though it was replaced by electricity,
gas, and biofuel between 2005 and 2100 in the BaU
scenario, and the proportion of oil dropped dramat-
ically in the 2 ◦C and 1.5 ◦C scenarios. These results
suggest that, at least in this model, imposing a car-
bon price can effectively reduce the usage of oil and
motivate the use of electricity and biofuels. Figure 4
shows the mode-wise CO2 emissions for the passenger
and freight transport sectors. As with energy consump-
tion, CO2 emissions increased at annual rates of 0.4%
and 1.3% for passenger and freight transport between
2005 and 2100, whereas they changed at an annual
rate of −0.4% and 0.3% in the 2 ◦C and −0.8% and
−0.3% in the 1.5 ◦C scenarios due to the reduction
in energy consumption, particularly the use of liquid
fossil fuels that are high in emission intensity. Car
and small and large trucks are the major transport
modes contributing to CO2 emissions, implying that
road transportation is the primary emission source.
In the 2 ◦C and 1.5 ◦C scenarios, the contribution
rates of car and small and large trucks to total emis-
sions could be reduced effectively. In particular, in
the 1.5 ◦C scenario, instead of road transportation,
5
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Figure 2.Region-wise (a) andmode-wise (b) transport demand from2005–2100. RemainingOrganisation for EconomicCo-operation
and Development (OECD) countries: Canada, Japan, Oceania, and Turkey; remaining non-OECD countries: Brazil, former Soviet
Union,Middle East,NorthAfrica, rest of Africa, rest of Asia, rest of Europe, rest of SouthAmerica, Southeast Asia.OECD:Organization
for Economic Co-operation and Development.
Figure 3. Energy consumption due to passenger and freight transport.
aviationandshippingbecomethemajor carbonsources
for passenger and freight transport.
The Laspeyres indices were estimated for decom-
position analysis to detect how much each factor such
as transport activity, modal structure, energy intensity,
and fuel mix contributes to the projected emission
pathways [58–60]. Transport activity growth is the
major contributor to emissions for both passenger and
freight transport in all scenarios, as shown in figure 5.
The modal shift also has a positive impact on the
6
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Figure 4.Mode-wise emissions from passenger and freight transport (excluding indirect emissions).
Figure 5. Laspeyres index decomposition of activity, structure, energy intensity, and fuel mix contributing to direct CO2 emissions for
passenger and freight transport. The index value indicates the annual change rate in emissions with respect to the base year.
increase of emissions, although it plays a limited role
in emission changes. Energy intensity and fuel mix
are the two significant factors in reducing emissions.
Energy intensity made the most significant contribu-
tions, with an annual rate of−1.1% and−0.7% in 2050
in the 1.5 ◦C scenario for passenger and freight trans-
port, respectively, and the highest values of fuel mix
occur in 2100 in the 1.5 ◦C scenario. In the long-term,
the influence on emission reduction of fuel mix is even
more pronounced than energy intensity improvement
in the 2 ◦C and 1.5 ◦C scenarios, where high emission
reduction can be achieved primarily by a fuel mix shift
from fossil fuel to electricity or less carbon-intensive
fuels such as natural gas or biofuels.
3.2. Impacts on emissions of transport policies
As shown in figure 6(a), scenario simulation results
proved that CO2 emissions can be reduced by
implementing transport policies such as energy
efficiency improvements, vehicle technological inno-
vations, mass transit-oriented transport developments,
and increasing the occupancy rate of cars in the
BaU, 2 ◦C, and 1.5 ◦C scenarios. The energy effi-
ciency improvement in the BaU scenario has the
highest reduction potential, as 22% of cumulative CO2
emissions were reduced, whereas the lowest reduc-
tion was attributed to mass transit-oriented transport
development in the 1.5 ◦Cscenario.Although the effec-
tiveness of each policy depends on the parameter
7
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Figure 6. Impacts of transport policies on emissions: reduction potential of cumulative emissions (a) and emission trajectories (b)
during 2005–2100.
Figure 7. Global CO2 emissions by sector.
settings from the different perspectives of techno-
logical improvement and behavioral transformation,
they are equivalent in a sense that these parameter
choices have beenderived fromactual, best practices. In
summary, Ei High, Tech Innovation, and Occu High
have significant impacts on emission reduction,
whereas Mass Trasnsit has relatively weak effects.
Figure 6(b) presents the emission trajectories of the
BaU, 2 ◦C, and 1.5 ◦C scenarios, with and without
low-carbon transport policies. With the implementa-
tion of a low-carbon transport policy, the 2 ◦C scenario
generated an emission trajectory similar to the 1.5 ◦C
scenario, without any transport policy, implying that
transport policies can help achieve the 1.5 ◦C goal
only by applying the carbon tax rate of the 2 ◦C sce-
nario. Maximum emission reduction can be achieved
with low-carbon transport strategies combining both
technological and behavioral policies. Compared with
the reduction rate of 34% in the absence of a carbon
price, the reduction potential of cumulative emis-
sions due to transport policies further increased to
46% and 54% when a carbon price was implemented
across all regions for the 2 ◦C and 1.5 ◦C targets.
This indicates that the synergistic effect between poli-
cies in different sectors needs to be considered for
maximum potential emission reduction.
Although road transportation theoretically could
becomecompletely electrifiedover the comingdecades,
it is still unclear whether there is the prospect of electri-
fied aviation and shipping. Unless all fossil fuels would
be replaced by biofuels, the passenger aviation and
freight sectors still remain dependent on fossil fuels.
The technological and economic optimization leads to
there being ongoing use of fossil fuels in the trans-
port sector, mainly for international aircraft, and that
negative emissions are thus required to balance this
usage in order tomeet the temperature goals. As shown
in the figure 7 of emissions by sector, CO2 emitted
by the transport sector will not decrease to zero, and
emissions from the agriculture, land use, and energy
sectors will decrease to negative values. To analyze the
uncertainties of various socioeconomic factors and the
robustness of the policy simulation using coupled CGE
and transport models, we adopt SSP1 parameters to
8
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Figure 8.Mitigation cost metrics for the 2 ◦C (a) and 1.5 ◦C (b) targets.
assess the reduction potential and emission trajecto-
ries under the SSP1 socioeconomic assumptions. We
selected SSP1 among five SSPs because 1.5 ◦C scenar-
ios are attainable only for the SSP1 and SSP2 scenarios.
The SSP1 results of reduction potential and emission
trajectories are provided in figure S15 (support-
ing information available at stacks.iop.org/ERL/13/
054008/mmedia), indicating that SSP1 assumptions
generate the results similar to SSP2.
3.3. Mitigation cost
With respect to the economic effect of transport poli-
cies, figure 8 shows that carbon price, GDP loss
rate, and welfare loss rate can be reduced in the
Low Carbon scenario. The mitigation cost including
carbon price, GDP loss, and welfare loss were calcu-
latedbyAIM/CGEaccording to the emissionconstraint
given by a Dynamic Integrated Climate–Economy
(DICE)-type intertemporal model [61]. The indica-
tors of GDP loss and welfare loss can be employed
to analyze how a carbon pricing policy will reduce
GDP and welfare as compared with a BaU sce-
nario. The maximum reduction in GDP loss rate
occurred in 2100 with decreases from 3.1%–2.4%
and 5.0%–3.6% for the 2 ◦C and 1.5 ◦C scenarios,
respectively. The GDP and welfare loss rate can be
lowered because the low-carbon transport policies are
conducive to decreasing the CO2 emissions in the
transport sector, which helps alleviate the economic
losses generated by stringent carbon tax imposition.
This implies that technological innovation and behav-
ioral changes in the transport sector do exert positive
influences on mitigation costs for achieving climate
change mitigation targets.
It also can be seen in figure 8 that the reduction in
carbon price, GDP loss rate, and welfare loss rate in the
1.5 ◦C scenario is more than that in the 2 ◦C scenario.
To more clearly detect how the effects of decarboniza-
tion due to transport policies vary with climate change
mitigation polices, the reduction in GDP loss rate from
2005–2100 was determined for the 2 ◦C and 1.5 ◦C
scenarios (figure 9). The values of the reduction in
GDP loss rate in the 1.5 ◦C scenario are higher than
those in the 2 ◦C scenario after 2030, implying that
the contribution to the reduction in GDP loss is rela-
tively more significant in the 1.5 ◦C target. The degree
of contribution of transport policies is more effective
for stringent climate change targets.
4. Discussion and conclusion
4.1. Interpretations and policy implications
This study investigated the impacts on mitigation
potential and cost using a global transport model
AIM/Transport coupled with a computable general
equilibrium model AIM/CGE. The integration of the
9
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Figure 9. Reductions in gross domestic product (GDP) loss
rate for the 2 ◦C and 1.5 ◦C targets.
transport model and CGE model can enrich trans-
port representation in an integrated assessment model
and capture mode and technological factors. Simula-
tion results show that transport policy interventions
such as technological development (vehicle technol-
ogy innovations, energy efficiency improvements),
transport behavioral changes (public transport devel-
opment, increasing the vehicle occupancy rate) alter
global transport-related energy consumption compo-
sition and emission trajectories. Cumulative emissions
can be reduced by 46% and 54% for 2 ◦C and
1.5 ◦C reduction goals by integrating transport poli-
cies and a carbon tax. This study therefore provides a
comprehensive and multidimensional policy tool for
long-term decision making in transport decarboniza-
tion. Combinations of technological innovations,
social transformation, and human behavioral changes
are conducive to a drastic reduction in transport-
related emissions. Implementationof transport policies
combining technological innovation and changes in
transport behaviors is required to achieve both the 2 ◦C
and 1.5 ◦C goals.
Although technological policy interventions have
more significant positive effects on emission reduction,
technological transformations such as deep electrifica-
tion in the transport sector are long-term in nature and
will require profound changes to the energy, infras-
tructure, and national macroeconomic systems. For
example, the promotion of electric vehicle use can-
not be simply achieved unless these vehicles were to
occupy the whole market, because consumer pref-
erences for conventional gasoline-powered vehicles
would not easily switch to electric vehicles in the
short term due to behavioral inertia and economic
issues, such as purchasing cost; thus, immediate
actions to improve efficiency in conventional internal
combustionengine-drivenvehiclesdeservemore atten-
tion in the next decade. In contrast, a decarbonized
transport system is a concept that can be applied
both to technological improvements in the transport
sector, and to social transformation. Social trans-
formations such as lifestyle change and low-carbon
urban reorganization could be effective supplementary
policy tools. Therefore, balanced technological and
social transformations can mitigate risks that may
not be fully addressed via technological innovation
alone, for developing an energy-efficient decarbonized
transport system.
Because the feedback between the AIM/Transport
and AIM/CGEmodels helps detect the effects of trans-
port sector dynamics on the macroeconomy, these
analyses convince us that transport policies provide
an effective contribution to modifying the mitiga-
tion cost. Importantly, the GDP and welfare loss for
meeting the 2 ◦C and 1.5 ◦C targets in the long term
can be reduced via low-carbon transport policies,
which can contribute to the deep global transformation
needed to achieve climate change mitigation targets.
Because this methodology of transport modeling over-
comes the limitations of linking the CGE model and
the transport model, it may be used by transport plan-
ners to analyze how mitigation options would affect
the dynamics of the macroeconomy. Interestingly, the
maximum reduction in GDP loss rate in the 1.5 ◦C
scenario (1.4%) is higher than that in the 2 ◦C sce-
nario (0.6%). The greater effectiveness of transport
policies was well demonstrated in the 1.5 ◦C sce-
nario, indicating that the transport sector deserves
more attention for achieving stringent climate change
mitigation targets. There is significant potential for
reducing emissions assuming even relatively slow evo-
lution of transportation technology and the reduction
potential has an optimistic outlook with aggressive
technological development.
Policy implications can be drawn from the sce-
nario simulations. First, the liquid fuel savings can be
realized directly by the deployment of hybrid vehi-
cles, which is likely to become a significant fraction
of new vehicle sales in the interim before becom-
ing fully electric. The costs of electric vehicles are
assumed to continue to decline over the coming
decades (see supporting information), which allows
an optimistic perspective regarding the electrification
of road transportation, which will contribute to cli-
mate change mitigation. Then substantial numbers of
fully battery electric-powered vehicles can be strongly
promoted to achieve the goal of deep decarboniza-
tion in the transport sector. Second, because of the
trend of increasing urbanization in the world, it would
be most useful and cost effective to prioritize pub-
lic transport and build a transit-oriented society for
emission reduction in urban areas. It is necessary to
establish a public transit system with better accessi-
bility, security, and comfort to influence households’
preference on transport modes. The transit net den-
sity, station coverage rate, and departure frequency
need to be increased to provide an appealing physi-
cal environment and public transit service. Specifically,
investing in public transport infrastructure such as
dedicated corridors for buses and railways, and high-
speed trains such as maglev, can assist in shifting
more travelers from carbon-intensive modes to a
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transit-oriented movement. If investment is directed
to a low-carbon infrastructure and transit-oriented city
planning, it is possible to move towards low-carbon
transport development. Third, decarbonization in the
transport sector requires innovative policy strategies
for lifestyle transformations. The government needs to
launchaschemetopromotecar sharingandcarpooling,
to increase the car occupancy rate and cut the number
of commuters.
4.2. Limitations and future work
There are three main limitations that should be
addressed. First, due to the lack of reliable efficiency
and technology cost data, the current modeling effort
does not consider some advanced transport tech-
nologies (e.g. electric bus and truck, self-driven cars
and trucks, personal airfoils, drone package delivery,
dirigibles) that have not yet been fully tested and
do not seem likely to be more than niche services
in the near-term. In consideration of the behavioral
mechanism and cost minimization, the technologi-
cal transformations are assumed relatively moderate.
However, faster and more aggressive targets of tech-
nological improvement also need to be simulated to
offer an optimistic outlook for the electrification of
road transportation. Second, meeting electric vehicle
promotion targets will require simultaneous construc-
tion of a publicly accessible charging infrastructure.
Third, for behavioral changes, the detailed relationship
between land use, urban structure, and the transport
sector has not been incorporated. Transport behaviors
depend on urban spatial structures and organiza-
tions. A compact city and pedestrian-friendly street
design are usually considered an optimum and effec-
tive policy tool for low-carbon transport development.
Another concern is behavioral transformations due
to communication technologies, such as telework-
ing and teleshopping. Transport demand is likely to
be reduced as a result of decreases in commuting
and shopping trip frequency. Therefore, infrastructure,
land use, urban structure, communication technolo-
gies, and advanced transport technologies need to be
incorporated into the AIM/Transport model. While
this study has limitations, they mainly concern issues
of how the transport sector evolves in the future
that are largely unknowable. What has been shown
is that there are a number of policy actions that can
assist in reducing CO2 emissions from the sector, espe-
cially with regard to cars, that are more effective than
other actions and identified areas for further work.
Acknowledgments
This study was supported by the Global Environmen-
tal Research Fund S12-3, and S14-5 of the Ministry of
Environment of Japan and the Japan Society for the
Promotion of Science (JSPS) KAKENHI Grant Num-
ber JP16K18177.
ORCID iDs
Runsen Zhang https://orcid.org/0000-0001-9841-
8453
Shinichiro Fujimori https://orcid.org/0000-0001-
7897-1796
References
[1] Rogelj J et al 2011 Emission pathways consistent with a 2 ◦C
global temperature limitNat. Clim. Change 1 413–8
[2] Wang Z L, Lin L, Zhang X Y, Zhang H, Liu L K and Xu Y Y
2017 Scenario dependence of future changes in climate
extremes under 1.5 ◦C and 2 ◦C global warming Sci. Rep. 7
46432
[3] Henley B J and King A D 2017 Trajectories toward the 1.5 ◦C
Paris target: modulation by the interdecadal Pacific Oscillation
Geophys. Res. Lett. 44 4256–62
[4] Rogelj J et al 2015 Energy system transformations for limiting
end-of-century warming to below 1.5 ◦C Nat. Clim. Change 5
519
[5] Hof A F, den Elzen M G J, Admiraal A, Roelfsema M, Gernaat
D E H J and van Vuuren D P 2017 Global regional abatement
costs of nationally determined contributions (NDCs) and of
enhanced action to levels well below 2 ◦C and 1.5 ◦C Environ.
Sci. Policy 71 30–40
[6] IEA 2015 CO2 Emissions from Fuel Combustion Highlights
2015 (Paris: International Energy Agency)
[7] IEA 2009 Transport, Energy and CO2: Moving Toward
Sustainability (Paris: International Energy Agency)
[8] Creutzig F et al 2015 Transport: a roadblock to climate change
mitigation? Science 350 911–2
[9] Kahn Ribeiro S, Figueroa M J, Creutzig F, Dubeux C, Hupe J
and Kobayashi S Energy end-use: transport Global Energy
Assessment—Toward a Sustainable Future (Cambridge:
Cambridge University Press) ch 9 pp 575–648
[10] ChungW and Zhou G 2013 A study of energy efficiency of
transport sector in Chinafrom 2003–2009 Appl. Energy 112
1066–77
[11] Sims R et al 2014 Transport Climate Change 2014: Mitigation
of Climate Change. Contribution of Working Group III to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change (Cambridge: Cambridge University
Press)
[12] Azar C, Lindgren K and Andersson B A 2003 Global energy
scenarios meeting stringent CO2 constraints—cost-effective
fuel choices in the transportation sector Energy Policy 31
961–76
[13] Pietzcker R C et al 2014 Long-term transport energy demand
and climate policy: alternative visions on transport
decarbonization in energy-economy models Energy 64
95–108
[14] Figueroa M, Lah O, Fulton L M, McKinnon A and Tiwari G
2014 Energy for transport Annu. Rev. Environ. Resour. 39
295–325
[15] Brand C, Goodman A and Ogilvie D 2014 Evaluating the
impacts of new walking and cycling infrastructure on carbon
dioxide emissions from motorized travel: a controlled
longitudinal study Appl. Energy 128 284–95
[16] De Coensel B, Can A, Degraeuwe B, De Vlieger I and
Botteldooren D 2012 Effects of traffic signal coordination on
noise and air pollutant emissions Environ. Model. Softw. 35
74–83
[17] Kolosz B, Grant-Muller S and Djemame K 2013 Modelling
uncertainty in the sustainability of intelligent transport systems
for highways using probabilistic data fusion Environ. Model.
Softw. 49 78–97
[18] Lindfeldt E, Saxe M, Magnusson M andMohseni F 2010
Strategies for a road transport system based on renewable
resources—the case of an import-independent Swedenin 2025
Appl. Energy 87 1836–45
11
Environ. Res. Lett. 13 (2018) 054008
[19] Madireddy M et al 2011 Assessment of the impact of speed
limit reduction and traffic signal coordination on vehicle
emissions using an integrated approach Transport. Res. D-Tr
E. 16 504–8
[20] Zhou Y, Tupper L, Chowdhury M and Klotz L 2010 Green
credits versus environmentally sustainable traffic operations
comparison of contributions to energy and emissions
reductions Transp. Res. Record 2163 103–11
[21] Kittner N, Lill F and Kammen DM 2017 Energy storage
deployment and innovation for the clean energy transition
Nat. Energy 2 17125
[22] Nykvist B and Nilsson M 2015 Rapidly falling costs of battery
packs for electric vehicles Nat. Clim. Change 5 329–32
[23] Schmidt O, Hawkes A, Gambhir A and Staffell I 2017 The
future cost of electrical energy storage based on experience
rates Nat. Energy 2 17110
[24] Pongthanaisawan J and Sorapipatana C 2013 Greenhouse gas
emissions from Thailand’s transport sector: trends and
mitigation options Appl. Energy 101 288–98
[25] Wang Z and Liu W 2015 Determinants of CO2 emissions
from household daily travel in Beijing, China: individual travel
characteristic perspectives Appl. Energy 158 292–9
[26] Brand C, Morton C and Anable J 2017 Lifestyle, efficiency
and limits: modelling transport energy and emissions using a
socio-technical approach 2017 ECEEE Summer Study on
Energy Efficiency (29 May–3 June 2017, Presqu’île de Giens,
France)
[27] Creutzig F 2016 Evolving narratives of low-carbon futures in
transportation Transp. Rev. 36 341–60
[28] Ashiabor S, Baik H and Trani A 2007 Logit models for
forecasting nationwide intercity travel demand a in the United
States Transp. Res. Record 2007 1–12
[29] Ben-Akiva M, Bolduc D and Bradley M 1993 Estimation of
travel choice models with randomly distributed values of time
Transp. Res. Record. 1413 88–97
[30] Horne M, Jaccard M and Tiedemann K 2005 Improving
behavioral realism in hybrid energy-economy models using
discrete choice studies of personal transportation decisions
Energy Econ. 27 59–77
[31] Scheiner J 2010 Interrelations between travel mode choice and
trip distance: trends in Germany 1976−2002 J. Transp. Geogr.
18 75–84
[32] Wen C H and Koppelman F S 2001 The generalized nested
logit model Transport Res. B-Meth. 35 627–41
[33] Muratori M, Moran M J, Serra E and Rizzoni G 2013
Highly-resolved modeling of personal transportation energy
consumption in the United States Energy 58 168–77
[34] Daly H E, Ramea K, Chiodi A, Yeh S, Gargiulo M and
Gallachoir B O 2014 Incorporating travel behaviour and travel
time into TIMES energy system models Appl. Energy 135
429–39
[35] Fujimori S, Masui T and Matsuoka Y 2014 Development of a
global computable general equilibrium model coupled with
detailed energy end-use technology Appl. Energy 128 296–306
[36] Girod B, van Vuuren D P and de Vries B 2013 Influence of
travel behavior on global CO2 emissions Transport Res. A-Pol.
50 183–97
[37] Girod B, van Vuuren D P and Deetrnan S 2012 Global travel
within the 2 ◦C climate target Energy Policy 45 152–66
[38] Girod B, van Vuuren D P, Grahn M, Kitous A, Kim S H and
Kyle P 2013 Climate impact of transportation a model
comparison Clim. Change 118 595–608
[39] Karkatsoulis P, Siskos P, Paroussos L and Capros P 2017
Simulating deep CO2 emission reduction in transport in a
general equilibrium framework: the GEM-E3T model
Transport. Res. D-TR. E. 55 343–58
[40] Kyle P and Kim S H 2011 Long-term implications of
alternative light-duty vehicle technologies for global
greenhouse gas emissions and primary energy demands Energy
Policy 39 3012–24
[41] McCollum D L et al 2016 Improving the behavioral realism of
global integrated assessment models: an application to
consumers’ vehicle choices Transport. Res. D-Tr. E. 55
322–42
[42] Waisman H D, Guivarch C and Lecocq F 2013 The
transportation sector and low-carbon growth pathways:
modelling urban, infrastructure, and spatial determinants of
mobility Clim. Policy 13 106–29
[43] Zhang H J, ChenW Y and HuangW L 2016 TIMES modelling
of transport sector in China and USA: comparisons from a
decarbonization perspective Appl. Energy 162 1505–14
[44] Muratori M, Smith S J, Kyle P, Link R, Mignone B K and
Kheshgi H S 2017 Role of the freight sector in future climate
change mitigation scenarios Environ. Sci. Technol. 51
3526–33
[45] SugiyamaM, Akashi O, Wada K, Kanudia A, Li J andWeyant J
2014 Energy efficiency potentials for global climate change
mitigation Clim. Change 123 397–411
[46] Fujimori S, Masui T and Matsuoka Y 2012 AIM/CGE [basic]
manual Discussion paper Series (Tsukuba: National Institute
for Environmental Studies)
[47] Zhang R, Fujimori S, Dai H and Hanaoka T 2018
Contribution of the transport sector to climate change
mitigation: insights from a global passenger transport model
coupled with a computable general equilibrium model Appl.
Energy 211 76–88
[48] IIASA 2015 SSP Database
[49] Akashi O and Hanaoka T 2012 Technological feasibility and
costs of achieving a 50% reduction of global GHG emissionsby
2050: mid- and long-term perspectives Sustain. Sci. 7
139–56
[50] Akashi O, Hijioka Y, Masui T, Hanaoka T and Kainuma M
2012 GHG emission scenarios in Asia and the world: the key
technologies for significant reduction Energy Econ. 34
S346–58
[51] Mishra S G, Kyle P and Teter J 2013 Transportation Module of
Global Change Assessment Model (GCAM): Model
Documentation (California: Institute of Transportation
Studies, University of California)
[52] Samir K C and Lutz W 2017 The human core of the shared
socioeconomic pathways: population scenarios by age, sex and
level of education for all countriesto 2100 Glob. Environ.
Change 42 181–92
[53] Fujimori S et al 2017 SSP3: AIM implementation of shared
socioeconomic pathways Glob. Environ. Change 42 268–83
[54] Riahi K et al 2017 The shared socioeconomic pathways and
their energy, land use, and greenhouse gas emissions
implications: an overview Glob. Environ. Change 42 153–68
[55] Mittal S, Dai H C, Fujimori S, Hanaoka T and Zhang R S 2017
Key factors influencing the global passenger transport
dynamics using the AIM/transport model Transport. Res.
D-Tr. E. 55 373–88
[56] IEA 2016 Energy Technology Perspectives 2016—Towards
Sustainable Urban Energy Systems (Paris: International Energy
Agency)
[57] OPRI 2008 Research Report on Changes in Global Maritime
Industry 2007 (Tokyo: Ocean Policy Research Institute)
[58] Edelenbosch O Y et al 2017 Decomposing passenger transport
futures: comparing results of global integrated assessment
models Transport. Res. D-Tr E. 55 281–93
[59] Millard Ball A and Schipper L 2011 Are we reaching peak
travel? trends in passenger transport in eight industrialized
countries Transport Rev. 31 357–78
[60] Scholl L, Schipper L and Kiang N 1996 CO2 emissions from
passenger transport—a comparison of international
trendsfrom 1973–1992 Energy Policy 24 17–30
[61] Nordhaus W 2014 Estimates of the social cost of carbon:
concepts and results from the DICE-2013R model and
alternative approaches J. Assoc. Environ. Resour. Econ. 1
273–312
12
